Information about electron-transfer reactions of dissolved organic matter (DOM) is lacking. We determined electron acceptor and donor capacities (EAC and EDC) of a peat humic acid and an untreated peat DOM by electrochemical reduction and reduction with metallic Zn and H 2 S (EAC), and by oxidation with complexed ferric iron (EDC) at pH 6.5. DOC concentrations (10-100 mg L -1 ) and pH values (4.5-8) were varied in selected experiments. EAC reached up to 6.2 mequiv‚(g C) -1 and EDC reached up to 1.52 mequiv‚ (g C) -1 . EDC decreased with pH and conversion of chelated to colloidal iron, and the electron-transfer capacity (ETC) was controlled by the redox potential E h of the reactant (ETC ) 1.016‚E h -0.138; R 2 ) 0.87; p ) 0.05). The kinetics could be adequately described by pseudo firstorder rate laws, one or two DOM pools, and time constants ranging from 2.1 × 10 -3 d -1 to 1.9 × 10 -2 d -1 for the fast pool. Reactions were completed after 24-160 h depending on the redox couple applied. The results indicate that DOM may act as a redox buffer over electrochemical potentials ranging from -0.9 to +1.0 V.
Introduction
In natural waters, dissolved organic matter (DOM) plays an important role for microbial activity (1), pollutant degradation, and metal mobility due to sorption competition and redox processes (2, 3) . Of particular importance are humic substances, which contain redox-active functional units and accumulate in the environment due to their recalcitrance. The redox properties of humic substances have been particularly attributed to quinones (3, 4) , which are ubiquitous in DOM (5, 6) . Based on studies with model compounds, such as anthraquinone-2,6-disulfonate, juglone, and hydroquinone, a redox transfer of two electrons per quinone unit has been postulated. Standard redox potentials of these substances range from <0.3 to >0.69 V (7, 8) .
The transfer of two single electrons was also documented for polyphenolic DOM (9) . In addition to quinones, other moieties are likely involved in redox processes, because quinone content alone could not explain the amount of electron transfer (10) . DOM redox properties could, for example, be reproduced by redox titration of mixtures of model quinones and phenols (8) . Electron acceptor (EAC) and donor capacities (EDC) varied from 0.02 mequiv‚(g C) -1 to more than 6 mequiv‚(g C) -1 , depending on DOM and method used (5, (10) (11) (12) (13) (14) , and Eh 0 values ranged from 0.4 to 0.8 V (10, 15) , ranking it in the range of many environmentally relevant redox couples.
While our understanding of the redox properties of humic substances has grown, our understanding of redox dynamics in natural waters is impeded by conceptual and experimental shortcomings. It is presently unclear whether the range of reported electron-transfer capacities is the result of DOM properties or variation of experimental procedures. Electrochemical reduction and a diversity of oxidants and reductants have been used as redox partners in chemical reactions and microbial assays, all of which may target specific and different DOM moieties; DOC concentrations ranged from 5 to 2000 mg L -1 ; and reaction progress was assumed to be completed after 15 min to 24 h. The reversibility of the electron transfer has not been sufficiently addressed and we are missing a theoretical framework that potentially explains the observed range of humic substance redox behavior.
To address these research deficiencies we conducted kinetic experiments with reductants and oxidants for DOM that cover a wide range of redox potentials under consistent conditions of pH and ionic strength. To facilitate comparison to earlier studies, both previously described and new methods to analyze electron transfer were used on a purified peat humic acid of the IHSS and an untreated peat DOM. Our specific objectives were to (1) determine to what extent the electron-transfer capacity and kinetics of humic rich dissolved organic matter depends on the reactants used, and (2) whether electron transfer is related to reactant redox potentials, i.e., the driving force of the reactions.
Materials and Methods
Sample Preparation. Pahokee Peat reference humic acid ("PP-HA"; IHSS) was dissolved at pH ∼8, acidified to pH 6 (HCl), filtered (0.45 µm), and diluted to 100 mg C L -1 . From an open pit in the Mer Bleue wetland, Canada, DOM solution ("MB-DOM", 71 mg C L -1 ) was sampled in December, 2004, frozen in small portions, and filtered after thawing (0.45 µm, nylon). Freezing most likely changed the DOM quality, for example due to cell lysis, but it ensured a similar DOM quality for all experiments. The solutions were characterized regarding carbon and metal content and UV-vis, FTIR, and fluorescence absorption (Supporting Information, section 1). Experimental assays were carried out under exclusion of light using reagent grade chemicals and deionized water in an oxygen-free glovebox (95% nitrogen, 5% hydrogen) or in deoxygenated headspace vials (FeCN and H2S assays). All solutions were purged with nitrogen (>99.99%) for at least 30 min before use. Assays were replicated twice with the exception of reaction of DOM with Zn and H2S (triplicates) and ferric cyanide (four replicates).
Experiments. To oxidize DOM with varying electromotive force, PP-HA and MB-DOM solutions were incubated with ferric iron complexed by different ligands in batch experiments at buffer concentrations of 30 mM, as described in Table 1 . To further vary ferric iron speciation, the pH was altered in the range of 4.5 to 8. Spectrophotometrically determined ferrous iron concentrations were corrected using blanks devoid of ferric iron and DOM. PP-HA and MB solutions were reduced electrochemically or by reaction with H2S and metallic Zn. The electromotive force applied decreased in the order H2S < electrochemical reduction < metallic Zn (Table 1) . Reduction with metallic Zn represents more strongly reducing conditions than found in most natural aqueous solutions but was employed to broaden the range of reactant redox potentials.
1. Oxidation by [Fe(bipyridyl) 3] 3+ (FeBiPy) . Ferrozine (bipyridyl reagent) and buffer solution (acetate, MES, PIPES, or carbonate) were mixed. FeCl3 (dropwise) and DOM were added to final concentrations of 10-100 mg L -1 (PP-HA), 10-50 mg L -1 (MB-DOM), 2 mmol L -1 ferrozine, and 0.5 mmol L -1 (FeCl3), in sealed, deoxygenated headspace vials (10 mL) or in capped plastic cuvettes (3 mL), which delivered identical results. Aliquots were sampled after 0.5-20 h and were analyzed within 15 min. VIS absorption produced by formation of colloidal iron and by addition of ferrozine at pH < 6 (as reported in ref 16 3) . Experiments were conducted using PP-HA concentrations of 6.25-50 mg C L -1 in 5 mM MES buffer at pH 6. Dissolved FeCl3 was added dropwise to a final concentration of 0.1 mmol L -1 . Samples were taken after 0.5-72 h.
5. Reduction by H2S. The method has been described in detail by Heitmann and Blodau (17) . Briefly, 250 µmol L -1 of H2S gas was added to 18 mL of deoxygenated DOM solution in headspace vials sealed with butyl rubber stoppers (25-100 mg C L -1 ; pH 6, 50 mM carbonate buffer). After 24 h of incubation, sulfur species (H2S, S 0 , thiosulfate, sulfite, sulfate) were analyzed. The electron acceptor capacity was calculated from the concentration of thiosulfate, which was the only identifiable inorganic reaction product (17) . Calculations. Electron donor (EDC) and electron acceptor (EAC) capacities of DOM were calculated from formation of (22) were used. Iron speciation was calculated using the PHREEQC algorithm version 2.11.0. A detailed description of thermodynamic data and redox potential calculations is provided in the Supporting Information (sections 4 and 5).
In the experiments the inorganic reactants were in surplus. For simplicity we thus assumed a pseudo-first-order rate law with one or two redox-active DOM pools (16) and an apparent time constant kobs. The parameter X represents the concentration of the inorganic product (Fe(II), S2O3 2-, Zn-(II)) of the redox reactions.
The time-dependent solution to eq 1 is To examine the variation of DOM pool size by fitting, the total reactive DOM pool was estimated from product formation [X] at the time point of completion for single experiments, and alternatively from the relation between product formation [X] and DOM concentration (mg DOC L -1 ) for sets of similar assays with different carbon content. Model calculations were carried out using SPSS 10.
Results

EDC.
DOM was oxidized by ferric iron in all assays with a decreasing rate over time (Figure 1 ). Ferrous iron was released to maximum concentrations of 1.4-126 µmol L -1 , resulting in an EDC ranging from 0.07 to 1.52 mequiv‚(g C) -1 (Table  1) contributed a fraction of 20-44%, and the more slowly reacting pool DOM (2) contributed 56-80% to overall reaction product release (Figure 3s of Supporting Information).
Reaction constant k obs
(1) ranged from 0.03 to 27 h -1 (Table 1 ) and k obs (2) ranged from 0.03 to 0.25 h -1 .
The EDC further increased steadily when the DOC concentration was raised (Figure 2 A and B) . This confirms that DOM indeed served as electron source for ferric iron and suggests that the electron transfer occurred in a similar way over a range of DOM concentrations. The EDC of the non-purified MB-DOM was mostly in a range comparable to that of purified PP-HA and varied in a similar manner between assays (Table 1) .
The EDC of DOM varied with the iron complex in solution and the pH (Figure 3 ). Lowering pH from 8 to 4.5 raised EDC using FeBiPy from 0.05 to 1.52 mequiv (g C) -1 . The ligands for ferric iron and proton concentration furthermore interacted in their effect on the electron transfer. As can be seen from Figure 3 , the EDC was influenced by pH to a lesser degree in the presence of the more stable FeCi complex. As a result, the EDC was higher using FeBiPy at pH < 6 and lower above this pH. The predominant ligand also visibly altered the formation of colloidal Fe(OH)3. Raising pH to values >6 induced a visible formation of colloidal Fe(OH)3 only in the FeBiPy assay. Due to the lower reactivity of DOM with colloidal Fe(OH)3 (Figure 1 B) , the strong effect of pH on the electron transfer in the FeBiPy assay can be attributed to the formation of colloidal Fe(OH)3.
EAC. DOM oxidized H2S mainly to thiosulfate, which reached concentrations of up to 8 µmol L -1 . Concentrations of thiosulfate in blank samples, i.e., without addition of DOM, averaged 2.6 ( 0.3 µmol L -1 . Elemental sulfur and sulfite were not detected, and sulfate concentrations remained constant and below 5 µM (17) . Incubation of metallic Zn with DOM released Zn 2+ to concentrations of up to 250 µmol L -1 . These values correspond to an EAC range from 0.6 to 6.2 mequiv‚(g C) -1 , and overall the EAC decreased in the order metallic Zn > electrochemical reduction ≈ H2S (Table 1) .
FIGURE 1. Kinetics of PP-HA oxidation by FeBiPy at pH 4.5 and 6 (A), and by FeCN (pH 6.5) and colloidal Fe(OH)3 (pH 6.0) (B). Mean values
( 1 SD (n ) 2; n ) 4 for FeCN).
(1)
DOM was reduced electrochemically within about 4 h, as indicated by a decreasing electrode current, and by reaction with metallic Zn and H2S within about 20-50 h. The release of thiosulfate was adequately reproduced by eq 2 with one DOM pool. With Zn 0 the rapid pool DOM
(1) contributed 8.4% and the slowly reacting pool DOM (2) contributed 91.6% to overall reaction product release. Reaction constant k obs (1) ranged from 0.10 h -1 to 6.5 h -1 (Table 1) . Similarly to EDC, EAC was tightly correlated to DOC concentrations ( Figure 5 ) but carbon normalized EAC decreased with DOC concentration when DOM was reduced by H2S ( Figure 5) .
Effect of Electromotive Force on ETC and Kinetics. The direction of the electron transfer was controlled by reactant Eh. A positive Eh resulted in net release of electrons from DOM and negative Eh resulted in net uptake (Table 1) . Electron-transfer capacities were further linearly related to the calculated Eh in solution ( Figure 6 ). The increase of ETC was calculated to be ∼100 mequiv‚(g C) -1 per 100 mV for PP-HA using the relation ETC ) 1.016 × Eh -0.138 (R 2 ) 0.87; p ) 0.05), and was less steep for MB-DOM (ETC ) 0.596 × Eh + 0.202; R 2 ) 0.72; p ) 0.05). The reaction with metallic
Zn represents an exception, as the EAC was larger than expected from the above relationship ( Figure 6 ). From these equations, an average Eh of DOM was estimated from the x-axis intercept (y ) 0) for the applied "in assay" conditions. It is 0.136 V for PP-HA and -0.336 V for MB-DOM. The reactant Eh apparently also influenced reaction kinetics. Using PP-HA, rate constants of the rapidly reacting DOM (1) pool increased with growing absolute values of Eh ( Figure 6 ; k obs (1) ) 7.91 × Eh + 0.404; R 2 ) 0.81). A weaker correlation occurred between Eh and k obs (2) (R 2 ) 0.48). As the number of data pairs for MB-DOM was limited, no regression model was tested.
Discussion
Controls on ETC. Electron-transfer capacities have been determined using reaction time periods of 0.25 h for reaction with FeCi (1, 5, 12), 100 min with FeCl3, and 24 h with FeCN (11, 14, 16, 23) . Our results suggest that these time periods do not suffice to complete the electron transfer, and that reaction periods ranging from 24 to 160 h are recommended, depending on the assay used (Figures 1 and 4) . Electrochemical reduction stands out in this respect as the reaction was completed within about 4 h. Electron-transfer capacities have further ranged from 0.02 to >6 mequiv‚(g C) -1 in previous studies that were based on various methods and experimental protocols (5, (10) (11) (12) (13) (14) . The methodological comparison demonstrates that the reported ETCs can be reproduced by variation of methods and reactants (Table 1) . In comparison, the ETC difference between non-purified MB-DOM and PP-HA is small. It may, therefore, be that different ETC values that have been determined for DOM of the same source were caused by differences in experimental approach and conditions.
The electron transfer between reactants and DOM consistently increased with DOC concentration (Figures 2 and  5 ) and proceeded kinetically in a similar manner at different DOC concentrations (Figure 1) . DOC concentration in the environmentally relevant range had thus little influence on carbon normalized ETC and the kinetics of the reactions. An exception was the reaction with H2S, in which carbon normalized EAC slightly decreased at higher DOC concentrations, possibly due to incorporation of H2S into the DOM (17) .
It has been pointed out previously that redox properties of DOM change with increasing pH due to deprotonation and molecular relaxation of DOM, leading to lower functional group redox potentials and an increased amount of redox active groups available for reaction (8, 14) . A higher EDC with increasing pH should thus be expected. In the reaction with FeBiPy-and to a lesser extent in the reaction with FeCisuch an effect was masked by a formation of colloidal Fe-(OH)3. Iron speciation further strongly controlled the ETC and partially also the kinetics of the reaction with DOM. As the assays may be viewed as analogues to chemical conditions in natural environments, where ferric iron becomes available as a reactant to DOM, we assume that pH increase will similarly lower, rather than raise, electron-transfer rates and capacities of DOM by changing iron speciation.
The direction, quantity, and rate of the electron transfer were related to the redox potential of the predominant redox couple in solution ( Figure 6 ). From reaction with redox active elements, Eh 0 values of 0.3-0.8 V, or Eh(W) values (Eh 0 at pH 7) of 0-0.5 V, have been determined for natural organic compounds (3, 10, 15, 24) . Under "in assay" conditions, net electron transfer was observed from DOM to Fe(OH)3 (Eh(W) 0 V) and the total quantity of electrons transferred to iron increased with rising Eh(W) (up to >1 V). This suggests that redox active moieties of increasing Eh were drawn into the electron transfer up to a fairly high Eh(W) and confirms that the activation of DOM functional groups depends on the redox potential in solution (8) . Consistent with these results, the direction of net electron transfer of DOM reversed at pH 6 between the couples of Fe(OH)3/Fe 2+ (Eh ) 0.06 V) and H2S/S2O3 2-(Eh ) -0.09 V), and the EAC further strongly increased when metallic Zn was employed as reductant instead of H2S or electrochemical reduction (Table 1, Figure  6 ). The EAC values obtained by the strong reductant Zn may be seen as an upper limit for DOM and may not be reached in natural environments. The electron transfer from Zn to DOM could further only be partially reversed by reaction with FeBiPy (M. Bauer, unpublished data), suggesting irreversible changes in DOM structure.
The variability of ETC values with reactant Eh is in principle not surprising regarding the structural variability of natural DOM (25) and the Eh 0 range of <0.3 V to >0.69 V reported for quinone moieties alone (7-9). As not only quinones, but also other polyphenolic moieties and complexed ferric iron may be involved in DOM redox reactions (10) , the Eh of redox active functional groups may also exceed this range. In this study, contents of iron and other metals were very small and obviously not related to the observed EAC, so that ETC has to be attributed to organic moieties.
Raising pH strongly decreased EDC in FeBiPy assays, as has been previously reported (11, 16) , and less so in FeCi assays. This pH dependency of EDC is not in conflict with Table 1 ). FeBiPy and FeCi complexes were stable up to pH 6-6.5 ( Figure 1s of Supporting Information). Below this value the electron transfer to Fe-(III) is thus higher with FeBiPy as the predominant complex (Eh of 1.14 V) compared to FeCi (0.47 V). Above pH 6-6.5, both complexes are quantitatively replaced by aqueous or colloidal Fe(OH)3 with an even lower redox potential (below -0.3 V). Hence, the redox potential may have indirectly controlled the net electron transfer of DOM to ferric iron. The interpretation is somewhat speculative regarding the formation of colloidal Fe(OH)3, which may differ in reaction rate and EDC, independently of thermodynamic properties.
Kinetics. The electron-transfer could be adequately reproduced based on pseudo-first-order kinetics and one or two reactive DOM pools, although this assumption is simplistic in view of the range of putative redox couples within DOM, and our own and earlier results (8, 9) . From the observation that the kinetic constant k obs
(1) of PP-HA was controlled by the in situ Eh of the reactants (Figure 6 ), we further conclude that the reactivity of redox active moieties increased with a growing ∆Eh. Previously, linear free energy relationships (LFERs) between kobs and Eh have been established for the reduction of defined monosubstituted nitrobenzenes by DOM in the presence of H2S (26) . Albeit our database was too small to investigate a LFER, our results do not disagree with such a relationship and show that k obs
(1) was a function of Eh for a diverse group of oxidants and reductants. From the magnitude of the apparent k obs
(1) of 0.03-27 h -1 we further conclude that chemical electron transfer is sufficiently fast to function as an alternative to known microbially mediated electron shuttling (1). Reduction of ferric iron was, for example, fairly rapid in comparison to dissolved ferric iron production in lake water and sediments and associated k values of 10 -5 to 10 -2 h -1 at pH 4.8-5.8 (27) , suggesting that DOM may effectively scavenge produced ferric iron in such environments. Oxidation of H2S was also faster than electron transfer from H2S to molecular oxygen and H2S to crystalline Fe(oxy)hydroxides, and somewhat slower than transfer to poorly crystalline forms of Fe(III) (17) . Hence, DOM is able to chemically scavenge oxidants and reductants at considerable rates, to compete with other relevant redox processes, and likely also to chemically shuttle electrons from H2S to ferric iron species and oxygen at redox interfaces in DOM rich aquatic systems. Electron shuttling has for example been postulated to occur at the oxycline of a permanently stratified lake, based on changes in the redox rate of DOM (28) .
In conclusion, natural DOM may act as a redox buffer over a wide range of redox potentials, and the capacity and reactivity of this redox buffer should be controlled by the electrochemical gradient to the reactant. The redox properties of DOM thus provide a functional analogy to the range of acid-base properties that has been reported for DOM. According to our results, PP-HA and MB-DOM represent a redox ladder that encompasses redox couples ranging from Eh < -0.48 V to > + 0.83 V. Considering the fast kinetics of the electron transfer and the abundance and mobility of DOM in environments such as peatlands, organic-rich aquifers, and dystrophic lakes, the contribution of DOM to electrontransfer processes and the buffering of redox potentials in these environments might be substantial.
